Allogeneic transplantation remains one of the best therapies for high-risk acute myeloid leukemia (HR-AML).
Background
Acute myeloid leukemia (AML) is a malignant clonal tumor. Compared to favorable or intermediate AML, the treatment of high-risk AML (HR-AML) has many challenges [1] . Allogeneic hematopoietic stem cell transplantation (allo-HSCT) has been proven to be a post-remission therapy for HR-AML [2] [3] [4] . Advances in allo-HSCT have significantly reduced mortality, however, despite this, leukemia relapse still is a significant challenge for patients of HR-AML [5] . Patients with relapsed AML after transplantation usually have very poor prognosis [6, 7] .
Although many studies have been reported regarding HR-AML, quite a few of these reports have been very heterogeneous in terms of their definition of "high risk". Moreover, there have been few studies about prognosis and outcome for HR-AML after allo-HSCT. Owing to the aforementioned reasons, it is necessary to focus on identifying prognostic factors at transplantation, and devise strategies for prevention of relapse.
We retrospectively analyzed outcome and prognosis of HR-AML, and identified prognostic factors affecting outcomes.
Material and Methods

Patients
Medical records data of 126 patients who were diagnosed as HR-AML and underwent allo-HSCT between 05.01.2007 and 11.01.2018 at the Chinese PLA General Hospital were retrospectively analyzed in this research. The earliest time of diagnosis was 07. 01.2007 , and the earliest time of transplantation was 05.01.2008. Chinese PLA General Hospital ethical committee approved this study. Patients signed informed consent for gathering clinical information.
Selection criteria
HR-AML was defined according to institutional guidelines, the definition of HR-AML met at least 1 of the following criteria: 1) no remission or partial remission at transplantation; 2) patient in complete remission, but the complete remission was not the first; 3) adverse karyotype abnormalities according to cytogenetic stratification [8] ; 4) relapse within 6 months after complete remission; 5) relapse more than 6 months after complete remission, but the original therapy could not make patients result in remission again; 6) leukemia with DNMT3a, TET2, or TP53 mutation [8] [9] [10] .
Conditioning regimens
The conditioning regimens included busulfan (3.2 mg/kg/day, Days -10 to -8), cytarabine (4 g/m 2 /day, Days -7 to -6), carmustine (250 mg/m 2 , Day -5), cyclophosphamide (60 mg/kg/day, Days -5 to -2). Patients accepting haploidentical-related donor transplant or unrelated donor transplant were given anti-thymocyte globulin (ATG) (2.5 mg/kg/day, Days -4 to -2). Patients accepting HLA-matched sibling donor transplant were given the same conditioning regimen, but without ATG. If patients were not in complete remission at time of transplantation and did not suffer from II-IV aGVHD, they received prophylactic donor lymphocyte infusion (DLI).
Prophylaxis and management for graft-versus-host disease (GVHD)
Prophylaxis treatment consisted of mycophenolate mofetil (0.5 g, every 12 hours, on Day -1 for 28 days); cyclosporine (3 mg/kg, every 12 hours, starting on Day -9) and MTX (15 mg/m 2 on Day +1, 10 mg/m 2 on Days +3, +6, and +11). Grades II to IV aGVHD were treated with methylprednisolone 1-2 mg/kg/day, and the refractory aGVHD were treated with basiliximab. Extensive cGVHD was given prednisone 1 mg/kg/day alone or combined with mesenchymal stem cell.
Infection prevention and supportive care
All patients received acyclovir and cotrimoxazole for prophylaxis against cytomegalovirus and pneumocystis when absolute neutrophil count (ANC) was <0.5×10 9 /L. Red blood cell transfusions were administered to maintain hemoglobin levels >80 g/L. Patients were transfused with platelets if their platelets count was <10×10 9 /L, but if patients suffered from mucosa bleeding, organ bleeding or severe infection, platelet transfusion were administered to maintain platelet counts >20×10 9 /L. Patients was given recombinant human granulocyte macrophage colony stimulating factor after cell infusion.
Minimal residual disease (MRD) monitoring
Minimal residual disease (MRD) was monitored by bone marrow aspiration and biopsy which was conducted before transplantation and on Days 30, 60, 90, and 180 after transplantation by multiparameter flow cytometry and cytogenetics assays.
Treatment for relapse
HR-AML patients without hematologic relapse would be given DLI in 2 to 3 months after transplantation if they did not suffer from II-IV aGVHD. Patients with hematologic relapse received chemotherapy alone or combined with DLI or the second transplantation.
Definition
AML diagnosis was according to previously described definitions [11, 12] . The definition of complete remission was bone marrow blasts less than 5%, without extramedullary disease, and absolute platelet number >100×10 9 /L, ANC >1.0×10 9 /L, and no need of red cell infusions. The definition of relapse was more than 5% bone marrow blasts reappeared, blasts of the peripheral blood recurred, or extramedullary tumor developed. Grading of aGVHD and cGVHD was based on the previously described scoring system [13, 14] . The definition of transplantation-related mortality was that mortality was attributed to transplantation-related toxicities, but not disease recurrence. The definition of disease-free survival (DFS) was that patients had survival with complete remission from transplantation. The definition of overall survival (OS) was that patients were dead of any reason from transplantation. The definition of neutrophil recovery was ANC >0.5×10 9 /L. The definition of platelet recovery was absolute platelet number >20×10 9 /L, and independence of platelet infusion.
Statistical analysis
Descriptive statistical analysis of variables was done, and oneway ANOVA was examined for more than 2 groups. Fisher's test or chi-square test were examined for the difference between categorical data. The variables were entered into multivariate analysis when P value less than 0.15 using univariate analysis. Univariate and multivariate analysis of variables influencing OS and DFS used Cox proportional hazards model. The Kaplan-Meier method was used to compared DFS and OS. The Fine and Gray competing risk regression methods was used to analyze recurrence, II-IV aGVHD, extensive cGVHD, and transplantation-related mortality after transplantation, and competing risks were considered. P-values were 2-sided with the significant value of P<0.05. The statistical software was SPSS 18.0 and R version 3.4.3.
Results
Patients and clinical characteristics
There were 126 patients (40 females and 86 males) included in this study and the basic patient features are illustrated in Table 1 )/kg. There were 123 patients who had successful neutrophil engraftment, and the median time of neutrophil recovery was 13 days (range, 9-26 days). Platelet recovery was reached in 113 patients, the median time of platelet recovery was 15 days (9-77 days); 13 cases (10.32%) had grade III-IV aGVHD; 7 cases (5.56%) had extensive cGVHD, and 8 cases (6.35%) were diagnosed as PTLD.
Overall survival
Fifty-two patients died and 74 patients survived. The OS rates of 3 years and 5 years were 57.55% (95%CI: 48.78-67.89%) and 55.04% (95%CI: 45.66-66.35%) respectively ( Figure 1A ). Among the patients with complete remission, compared to MRD negative group, the OS of the MRD positive group was shorter (P<0.05) ( Figure 1B ). As shown in Table 2 , the result of univariate analysis was that lower OS was correlated with age at transplantation (³40 versus <40 years), bacterial or fungal infection, status at transplantation (none remission group versus complete remission group), III-IV aGVHD (yes versus no), PTLD (yes versus no), white blood cell (WBC) engraftment (failure versus success) and extramedullary involvement (P<0.05). By multivariate analysis, the results were that age (³40 versus <40 years), bacterial or fungal infection (with versus without), III-IV aGVHD (yes versus no), status at transplantation (none remission group versus complete remission group), WBC engraftment (failure versus success), and extramedullary involvement were linked with lower OS (P<0.05). Figure 2 show the survival analysis of prognostic factor.
Disease-free survival (DFS)
During the follow-up time after transplantation, the diseasefree and alive patients were 68 out of 126 patients (53.97%). The DFS rates of 1 year and 3 years were 58.83% (95%CI: 50.75-68.20%) and 53.09% (95%CI: 44.59-63.22%) respectively ( Figure 3A) . Compared with the complete remission group, DFS was significantly lower in the none remission group ( Figure 3B ). By univariate and multivariate method, III-IV aGVHD, status at transplantation and extramedullary involvement influenced DFS (P<0.05) ( Table 3 ). Figure 4 showed the survival analysis of DFS under 3 prognosis factors.
Relapse Thirty-one cases experienced relapse. The cumulative rates of relapse for 1 year and 3 year were 21.1% (95%CI: 14.4-28.8%) and 25.9% (95%CI: 18.1-34.5%) respectively ( Figure 5A ). The time of leukemia relapse was 4.7 months (0.9-70.9 months). 
ORIGINAL PAPER
Relapse only took place in 26 patients, and relapses combined with extramedullary involvement were seen in 5 patients. The result of univariate and multivariate are illustrated in Table 4 . Factors influencing relapse included status at transplantation (none remission group versus complete remission group) and extramedullary involvement (yes versus no) (P<0.05). For salvage therapy, 9 patients received chemotherapy, 13 patients received chemotherapy combined with donor lymphocyte infusion, 3 patients received chemotherapies combined with second transplantation, and 6 patients were only given best supportive care. Six patients were alive, and 25 patients died of AML progression after treatment.
Transplantation-related mortality
Twenty-seven patients died from transplantation-related mortality, the 1-year and 3-year cumulative incidences of transplantation-related mortality were 20.1% (95%CI: 13.6-27.6%) and 21.0% (95%CI: 14.3-28.6%) respectively ( Figure 5B ). Among 27 cases, 2 cases died of refractory aGVHD, 21 cases died of infection, 1 case died of multiorgan failure, 2 cases died of PTLD, and 1 case died of acute heart failure.
PTLD -post-transplant lymphoproliferative disorder; AML -acute myeloblastic leukemia; MDS -myelodysplastic syndrome; aGVHD -acute graft-vs.-host disease; cGVHD -chronic acute graft-vs.-host disease; Bu -busulfan; Cy -cyclophosphamide; FB -fludarabine+busulfan; MNC -mononuclear cells count; CR -complete remission; NR -none remission; MRD -minimal residual disease; WBC -white blood cell; HB -hemoglobin; PLT -platelet. 
GVHD
Thirteen cases (10.32%) developed III-IV aGVHD, the cumulative incidence of grade III to IV aGVHD for 100-day period was 8.70% (95%CI: 4.6-14.5%) ( Figure 5C ). The clinical symptoms were skin rash, liver dysfunction, and diarrhea. Grades III to IV aGVHD were usually treated with methylprednisolone and methylprednisolone. Basiliximab was given to 3 cases with III aGVHD who were resistant to methylprednisolone, 2 cases died from infections, and 1 case was alive after treatment with basiliximab.
Seven patients (5.56%) had extensive cGVHD, the cumulative incidence of extensive chronic GVHD for 1-year was 4.1% (95%CI: 1.5-8.7%) ( Figure 5D ). Four patients were given prednisone 1 mg/kg/day, and 3 patients were given prednisone combined with mesenchymal stem cell. Seven patient's symptoms were relieved, and no patient died after treatment.
Discussion
AML is a heterogenous class of tumors that has different prognoses [11, 15] . HR-AMLs are considered hard to go into remission and easy to go into relapse [16, 17] . Allo-HSCT is considered a good therapy for HR-AML [18, 19] . However, the problem of relapse remains one challenge, and relapse causes high mortality. Moreover, much less widely reported are the outcome and prognostic factors for HR-AML after allo-HSCT.
A few studies have shown that good prognosis has been seen in AML patients achieving complete remission at transplantation [20] . Failure for remission at transplantation is a bad factor for relapse [21, 22] . In our study, the recurrence rate after transplantation was 44.2% (19 out of 43 cases) in the none remission group and 14.5% (12 out of 83 cases) in the complete remission group. Compared to the none remission group, the recurrence rate of the complete remission group was lower (P<0.05). The survival time was 13 months (range, 1.3-90.2 months) in the none remission group and 17.9 months (range, 0.2-88.1 months) in the complete remission group, and that of the complete remission group was longer than that of the none remission group (P<0.05). By univariate and multivariate analysis, result showed that DFS and OS of patients in the none remission group was shorter than that in the complete remission group before allo-HSCT, so it is necessary to make sure patients get complete remission at transplantation.
MRD was quantitatively evaluated for all patients enrolled, using flow cytometry or PCR. Some previously published studies have shown that MRD positive at transplantation can predict relapse after allo-HSCT [23, 24] . Among patients with complete remission in our study, the median OS in MRD positive and MRD negative patients were 3.0 months (range, 0.8-75.5 months) and 26.7 months (range, 0.3-88.1 months) respectively. Compared to the MRD negative group, the DFS and OS were shorter in the MRD positive group (P<0.05). Therefore, further therapy in the MRD positive group, such as high dose conditioning regimens alone or combined with DLI or other treatment, should be considered. PTLD -post-transplant lymphoproliferative disorder; AML -acute myeloblastic leukemia; MDS -myelodysplastic syndrome; aGVHD -acute graft-vs.-host disease; cGVHD -chronic acute graft-vs.-host disease; CR -complete remission; NR -none remission. aGVHD -acute graft-vs.-host disease; cGVHD -chronic acute graft-vs.-host disease; CR -complete remission; NR -none remission. GVHD [25] is not only linked to transplantation related mortality, but also leads to poor quality of life [26] . Some previous studies showed the cumulative rate of aGVHD was approximately 30% to 75% [27, 28] , which was consistent with the results of our study that found a cumulative incidence of 32.54% (41 out of 126 cases). Moreover, III-IV aGVHD also leads to lower OS and DFS. Therefore, for HR-AML patients, it is necessary to strengthen prophylactic treatment for aGVHD to prolong OS and DFS. A few reports showed that basiliximab obtained satisfying response for treatment of refractory aGVHD [29, 30] . However, basiliximab could lead to an increase in the incidence of fungal infection following transplantation [31] . In this study, 3 patients with steroid-refractory aGVHD died of fungal infection despite aGVHD symptoms relieved after treatment with basiliximab.
Chronic GVHD can result in death after allo-HSCT [32] . In our study, the OS and DFS were not affected by extensive cGVHD; there were 2 main reasons: one reason was possibly associated with the use of mesenchymal stem cells. It has been reported that mesenchymal stem cells can be used to treat GVHD [33, 34] . The other reason was that in the 4 patients who were prednisone-sensitive, symptoms of all 4 patients were relieved after treatment with prednisone alone. Owing to our prompt active treatment and owning to extensive cGVHD considered sensitive to drugs, all patients with chronic extensive cGVHD in our study survived.
Extramedullary involvement refers to leukemia found in tissue or organs outside bone marrow or peripheral blood. Extramedullary involvement evaluation found that 3-8% of AML patients had extramedullary involvement, and a study showed that extramedullary involvement often occurred in older age patients [35] . In our study, the incidence of extramedullary involvement was 13.49% (17 out of 126 cases), which was higher than reported in former studies. The reason may be that our patients were HR-AML, which was different from previous studies. Extramedullary involvement was bad prognostic factors for AML [36, 37] . In this study, among 17 patients with extramedullary involvement, the mortality rate was 70.59% (12 out of 17 patients), moreover, extramedullary involvement was closely related to lower OS, DFS, and high relapse (P<0.05).
In this study, 31 patients experienced relapse; 9 patients were treated with chemotherapy alone, 13 patients were given chemotherapy combined with DLI, 3 patients were given chemotherapy combined with second transplantation, and 6 patients was treatment with supportive care. Six patients were alive, and 25 patients died of AML progression after treatment. Therapeutic methods for patients who relapse after allo-HSCT included supportive care, chemotherapy, donor lymphocyte infusions, second transplantation, with the second transplantation noted to make numbers of patients achieve durable remission [38, 39] . Eapen et al. [38] reported that the 1-year and 5-year OS after second transplantation for patients with leukemia relapsed were 41% and 28% respectively. In our study, 1 out of 3 patients survived long-term after a second transplantation, and 2 died of relapse. However, DFS of the dead 2 patients was 11.7 and 70.9 months respectively.
Conclusions
HR-AML has inferior prognosis. Therefore, it is necessary to focus on identifying prognostic factors at transplantation, and devise strategies for prevention of relapse. Particularly, this study found that the disease status before transplantation has impact on prognosis, which indicates the necessity of achieving remission status prior to HSCT, and administration of preventive treatments on high-risk patients after HSCT. In addition, common complications of HSCT, such as PTLD, III-IV aGVHD, and extensive cGVHD also affect OS. Thus, adequate prevention and treatment of complications are needed.
